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ABSTRACT 
 
It is recognized that utilizing 3D technology can provide greater insights into the dynamics of 
bone tissue.  Past studies investigating the microstructure of cortical bone have predominantly 
used histology, a 2D form of analysis, to evaluate the age-related differences that occur within 
the histological structures of bone.  Many of these studies have developed age-regression 
formulae to estimate age at death from the observed differences within the microstructure.  The 
objective of this thesis was to integrate histology with high-resolution micro-CT to assess the 
age-related differences of cortical bone to produce an age-regression formula and evaluate the 
relation of the osteon geometry (circularity, aspect ratio, and osteon angle - theta) to osteon 
orientation (measured through phi).  Upon investigation,  it was determined that the reported 
precision (measured through Standard Error of the Estimate [SEE]) for age regression formulae 
is greatly affected by sample size, consequently, developing an age-estimation formula was not 
pursued due to the limited sample size available for this study.  Therefore, the focus of this was 
to describe the age-related differences within 2D geometry of osteons and their relation to 3D 
osteon orientation (measured through phi).  Twenty-seven, anterior, mid-femoral, female, 
specimens were analyzed.  An unexpected negative correlation was found between osteon 
orientation (phi) to osteon circularity and aspect ratio, signifying that the orientation of osteons 
in 3D cannot be used to predict the geometry of osteons visualized in 2D.  Nevertheless, these 
relations can likely be explained through the more dominant relations between osteon circularity 
and aspect ratio to age.  My results demonstrate that osteons become more circular in their cross-
sections with advancing age independent of osteon orientation (phi).  Interestingly, osteon 
orientation was also found to become oblique with age and not increasingly longitudinal as was 
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expected.  However, my results also suggest that osteons are being rotated two axes.  As osteon 
orientation (phi) is rotated about the z-axis, my results indicate that the osteon angle (theta) is 
also being rotated about the x-axis.  This was demonstrated through the negative correlation 
between osteon orientation (phi) and osteon angle (theta).  This relation can potentially account 
for the negative correlation between osteon orientation (phi) and circularity since the appearance 
of increased circularity can be explained through the projection of the elliptical cross-section on 
to the imaging/sectioning plane.  All together, my results establish that osteons are not 
cylindrical structures, especially in younger individuals, but are rather elliptical structures that 
become increasingly circular with advancing age.     
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CHAPTER ONE  
INTRODUCTION 
1.1 Introduction  
 Bone is a three-dimensional (3D) structure that continually renews itself throughout life 
and is capable of adapting to different mechanical stimuli, thereby adding a fourth dimension.  
Two-dimensional (2D) techniques cannot fully capture the true extent of the interconnections 
within the networks of the microstructure of cortical bone.  It is clear that the process of bone 
maintenance (remodelling) is extremely complex and not fully understood.  While we may not 
know exactly how this process works, as bone remodels several differences have been identified 
that can be analyzed microscopically.  Histology, the microscopic study of tissues, is generally 
achieved through 2D analysis, and has been the predominant means of exploring the age-related 
differences observed in cortical bone.  Age-related differences in histological features have been 
used to estimate the age at death of individuals; however, histomorphometric aging techniques 
require large sample sizes that are not always available (Hennig and Cooper 2011)(results 
presented in Chapter 3).  Currently, there is a large gap in our understanding of the 
microstructure of cortical bone.  I propose that 3D investigations used in conjunction with 2D 
histological analysis will help to narrow this gap.  Only recently has the use of 3D imaging of 
cortical bone become accessible using micro-computed tomography (micro-CT).  Since bone 
remodels in 3D, investigations using 3D imaging can potentially provide information on the 
complexity of the internal architecture of cortical bone that cannot be visualized with 2D 
techniques.  Given the complexity of the remodelling processes and the technological limitations 
that have historically hindered our ability to investigate this process in 3D, it is clear further 
investigation is needed now that 3D techniques are available. 
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1.2 Objective of Thesis 
 One of the initial goals of this thesis was to develop an age prediction formula through 
the combination of 2D and 3D techniques.  Through an independent study investigating the 
relation of precision (measured through standard error of the estimate - SEE) to sample size 
(discussed in Chapter 3), it was concluded that, given the limited sample size of this study, 
developing an age regression formula to predict age at death could not pursued.  Nonetheless, 
evaluating the relation between 2D osteon geometry and 3D osteon orientation as well as their 
relation to age was possible and is presented in Chapter 4. 
 While both 2D and 3D techniques have their limitations, these different techniques can 
also complement each other.  I intend to demonstrate that a more comprehensive understanding 
of the microstructure of cortical bone will be gained through the integration of histology and 
high-resolution micro-CT by providing new insights into how bone remodelling varies 
throughout an individual’s lifetime.  Therefore, this thesis aims to gain a better understanding of 
the age-related differences that have been observed in cortical bone by investigating whether the 
3D orientation of the microstructure explains the variation found in the 2D geometrical 
parameters (circularity and aspect ratio). 
   While the use of micro-CT will help us achieve a higher level of understanding the 
organization of the microstructure in cortical bone, desktop micro-CT is not currently capable of 
consistently providing detailed information on the geometric parameters of the histological 
structures, which are best captured through 2D imaging.  Thus, 2D imaging is still a necessary 
method for studying age-related differences in bone. 
1.2.1 Overview of Chapters 
 Chapter 2 provides an introduction to bone biology and provides a brief overview and 
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background about the application of 2D and 3D imaging to cortical bone.  
 Chapter 3 explores the relation of sample size to reported standard error of the estimates 
(SEE) for histomorphometric aging techniques.  Histomorphometric aging techniques are used in 
fields such as archaeology and forensic anthropology.  The reported degree of precision 
(measured through SEE) is highly variable (see Table 3.1 - Chapter 3) and it remains unclear 
which method or skeletal element is the best predictor of age at death.  Despite the fact that 
several age-related differences have been detected in cortical bone, these differences have 
predominantly been discussed in terms of their 2D parameters.  Few studies have discussed the 
age-related differences using 3D imaging (Cooper et al. 2007a; Cooper et al. 2003), and no 
studies have been published attempting to predict age from 3D data.   
 After reviewing the literature and noting the small sample sizes used to develop these 
methods, as well as the degree of variation in the reported SEE, an independent study was 
launched to determine the impact sample size has on the SEE.  While several authors have noted 
the need for larger sample sizes (Bouvier and Ubelaker 1977; Crowder 2005; Lazenby 1984; 
Pfeiffer 1985; Walker, Lovejoy and Meindl 1994), the relation between sample size and SEE has 
not been previously discussed in the literature in reference to histomorphometric aging 
techniques.  Upon investigation, it was concluded that a sample size of at least 150 specimens 
would be needed if I were to precisely predict age at death within ±10 years.  These results are 
presented and discussed in Chapter 3.  The results presented in this chapter have been published, 
in collaboration with Dr. David Cooper, supervisor, in the American Journal of Physical 
Anthropology (Hennig and Cooper 2011).  Written permission for the use of this from John 
Wiley and Sons is presented in Appendix I.   
 Chapter 4 discusses the relation of 3D osteon orientation to 2D geometric parameters of 
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osteons.  As a result of the study investigating the relation between sample size and SEE, it was 
decided that developing an age estimation formula would not be feasible due to both time 
constraints ( duration of a master’s program) and the inadequate sample size available ( n = 32).  
Therefore, the remainder of this thesis focused on incorporating histology and micro-CT to 
evaluate the relation of osteon geometry (2D) to osteon orientation (3D), and their relation to 
age.  Two-dimensional studies continue to be a useful way of investigating the histological 
structures of cortical bone that cannot always be visualized using 3D imaging, such as shape and 
size of the osteon (basic structural unit of bone).  Conversely, micro-CT can provide information 
on the canals of osteons, such as their orientation, that cannot be investigated using 2D 
techniques due to a limited depth of field.  Nevertheless, many questions remain about the 
associated differences that have been observed in the geometry of osteons and attributed to age 
as well as what role osteon orientation plays. 
 Recently, Britz et al. (2009) investigated the relation between strain and geometric 
parameters of osteons, using weight as a proxy for strain.  They found that osteon size (diameter 
and area) was inversely related to weight.  They also found a relation between geometric 
parameters (diameter, area, and circularity) and age, where diameter and area decreased with age 
and circularity increased with age.  While the results presented by Britz et al. (2009) provide 
valuable insights into relations of osteon geometry, their study was a 2D investigation, and 
cannot provide information on whether the observed differences within the geometry of osteons 
resulted from differences in the orientation of osteons or true age-related differences.  It is clear 
from the results they presented that a detailed and thorough analysis of these relations is required 
using 3D techniques to assess how osteon orientation may be related to osteon geometry.  
Following their study, two questions were developed and analyzed:  
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 (1) Does the orientation of osteons in 3D determine their geometric parameters 
 visualized in 2D?  
  (2) Do the differences in osteon orientation explain the age-related differences seen in 
 the geometrical parameters of cortical bone?   
With the current technological limitations of both methods, studying the age-related differences 
through the combination of 2D and 3D techniques is likely the most beneficial way of gaining a 
complete understanding of the differences within the microstructure of cortical bone associated 
with age.   
 Chapter 5 concludes the thesis with a summary of the results presented in Chapters 3 and 
4 and a discussion of future directions. 
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CHAPTER TWO  
BONE BIOLOGY AND BACKGROUND 
 
2.1 Basic Bone Biology  
 At the gross level, there are two structural types of bone, trabecular and cortical.  
Trabecular, bone also referred to as spongy or cancellous bone, is a lightweight porous structure 
composed of a lattice-work known as trabeculae.  Trabecular bone is predominantly found in the 
epiphyses (ends) of long bones, under protuberances of tendon attachments, and in the body of 
short bones.  Cortical bone, also referred to as compact bone, is a solid dense structure 
predominantly found in the diaphysis (shaft) of long bones.   
 Trabecular and cortical bone go through the same developmental and renewal processes.  
Growth and maintenance of the skeletal system takes place through two distinct processes - 
modelling and remodelling.  Modelling is the dominant process that occurs during growth of the 
skeleton.  Immature bone (primary bone) is produced during modelling and is characterized by 
coarsely bundled and woven bone (Frost 1963), that encompass the primary vascular pores that 
ultimately develop into primary osteons (Cooper et al. 2004).  As growth continues, immature 
bone is replaced with mature bone (lamellar bone).  The structure of mature bone is much more 
organized than immature bone as it is composed of layers of lamellae penetrated by Haversian 
systems (secondary osteons - hereafter called osteons - Figure 2.1)(Frost 1963).  Once skeletal 
maturity is reached, modelling is reduced significantly and remodelling becomes the dominant 
means of skeletal maintenance (Frost 1973). 
 Remodelling is achieved through a specific process of ‘activation  resorption  
formation.’  Once an activation signal is received, the renewal process commences by the 
resorption of microscopic packets of bone by osteoclasts (bone destroying cells).  It is completed 
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by osteoblasts (bone forming cells) that replace the resorption spaces with osteoid, which 
subsequently mineralizes to form new bone.  Collectively, osteoclasts and osteoblasts form basic 
multicellular units (BMU); the resulting product is the osteon (Frost 1963; Frost 1973).   
 The osteon is the basic structural unit of bone and is approximately 200 µm to 300 µm in 
diameter in humans (Bousson et al. 2000; Britz et al. 2009; Robling, Castillo and Turner 2006).  
Within each osteon, concentric lamellae enclose the Haversian canal where blood vessels, 
lymph, and nerve fibers pass through.  Volkmann’s canals transversely connect osteons to one 
another, and, ultimately, the periosteal and endosteal surfaces of bone.  Collectively these canals 
create an interconnected network whereby blood and lymph are supplied to the osteocytes (living 
bone cells) housed within the lacunae.  Osteocytes communicate with each other via a network of 
radiating canaliculi - tiny fluid-filled channels (Figure 2.2)(White 2005).   
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Figure 2.1: Histology ground section from a human femur 20X (left: polarized light, right: transmitted non-polarized light).  Female 
33 years old.  PB: primary bone, PO: primary osteon, SO: secondary osteon, RS: resorption space  
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Figure 2.2: Osteon schematic showing the microscopic view of the basic structural unit (secondary osteon) of bone.  Note: not drawn 
to scale (image adapted from White (2005)) 
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2.1.1 Theories of Bone Adaptation 
  
 In 1893, Julius Wolff proposed a theory to explain the adaptation of bone stating that 
changes in the function of bone will alter the internal structure of bone, in essence, form follows 
function (Wolff 1893).  This has become known as “Wolff’s Law” and in its strictest sense is 
inaccurate; however, in its most general sense, the theory that mechanical loading influences the 
architecture of bone is generally well accepted (Bertram and Swartz 1991; Ruff, Holt and 
Trinkaus 2006).   
 Though the mechanisms that regulate bone adaptation are still not fully understood, 
several theories have been put forth in an attempt to explain how adaptation is initiated and 
maintained.  Frost, proposed the “mechanostat” theory as a mechanism to explain modelling and 
remodelling of bone. The theory states that similar to a thermostat, the mechanisms regulating 
bone adaptation will turn “ON” as a response to stimuli such as mechanical loading and “OFF” 
in the absence of stimuli.  In situations of “gross overloading” bone mass would be adapted 
through modelling whereas in situations of “gross underloading” BMU based remodelling would 
occur (Frost 1987). 
 Turner has similarly proposed three rules for bone adaption: (1) Bone adaptation is driven 
by dynamic loading (a load applied with motion), not static loading (an external load applied in a 
fixed position).  (2) Extensive loading is not necessary, only a short period of mechanical loading 
(any load applied to the body) is necessary to induce a response, while increasing the duration of 
loading can have a diminishing effect.  And (3) bone cells will become accustomed, and 
therefore less responsive, to routine (habitual) loading (Turner 1998).   
 Numerous studies investigating the geometry of bone have found support for both Frost’s 
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(1987) and Turner’s (1998) theories.  In vivo studies using sheep have demonstrated that a short 
duration of dynamic loading leads to increases in cortical area, whereas static loading or 
unloading leads to decreases in cortical area (Lanyon and Rubin 1984; Rubin and McLeod 
1994).                                                                                                  
 Mechanotransduction is a theory to describe how adaptation is initiated at the 
microstructural level.  The exact process of how adaptation proceeds at the cellular level is 
unknown, but several theories have been put forth to explain how cells sense and respond to 
external forces.  In general, mechanotransduction is the process where osteocytes sense 
mechanical loads and transmit a signal to initiate an appropriate response (Pearson and 
Lieberman 2004).  Osteocytes act as the receptors and transducers of strain (Marotti 1996).  
Once a signal is initiated, the osteocytes communicate with one another via the canaliculi, 
essentially providing a nervous system within each bone (Pearson and Lieberman 2004).  Martin 
(2000) has suggested that remodelling is automatically initiated unless an inhibitory signal is 
received from osteocytes.  When osteocytes sense mechanical stimuli, an inhibitory signal is sent 
and remodelling is withdrawn whereas, when a signal of reduced mechanical loading is received, 
the lack of response from osteocytes initiates remodelling.  Furthermore, strain magnitude has 
been suggested to affect the direction of the BMU (van Oers et al. 2008a) and ultimately the 
orientation, geometric size and shape of the BMU tunnel (van Oers et al. 2008b), thereby 
dictating the orientation and the geometry of the osteon.
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2.2 Two-Dimensional Analyses 
2.2.1 Histomorphometry   
 Remodelling is the primary means of renewal in the adult skeleton and plays an integral 
role in the process of adaptation of bone (Frost 1973).  The differences associated with 
remodelling are best observed through histomorphometric analysis.  Histomorphometry is the 
quantitative analysis of the microscopic differences of the histological structures within cortical 
bone.  These histological features can be quantified, by counting the osteon population density 
(OPD - osteons per unit of area
2
) and/or measuring geometric parameters such as osteon area, or 
osteon circularity to characterize the and identify differences that that take place as bone is 
remodelled (Stout and Crowder 2012).   
 Many of the differences that have been observed within the geometry of osteons have 
been correlated with age.  For example, a number of authors report a decrease in osteon size with 
age (Britz et al. 2009; Burr, Ruff and Thompson 1990; Currey 1964; Ericksen 1991; Iwamoto, 
Oonuki and Konishi 1978; Kerley 1965; Martin, Pickett and Zinaich 1980; Singh and Gunberg 
1970; Thompson and Galvin 1983; Ural and Vashishth 2006; Watanabe et al. 1998; Yoshino et 
al. 1994).  Studies have also found an increase in circularity with age (Britz et al. 2009; Currey 
1964; Goliath 2010), an increase in osteon population density (Burr, Ruff and Thompson 1990; 
Currey 1964; Ericksen 1991; Iwamoto, Oonuki and Konishi 1978; Kerley 1965; Kimura 1992; 
Martin, Pickett and Zinaich 1980; Singh and Gunberg 1970; Thompson and Galvin 1983; Ural 
and Vashishth 2006; Watanabe et al. 1998; Yoshino et al. 1994) as well as an increase in 
Haversian canal diameter with age (Burr, Ruff and Thompson 1990; Martin, Pickett and Zinaich 
1980; Ural and Vashishth 2006; Yoshino et al. 1994).  
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 Based on some of the observed differences found in the histological structures of cortical 
bone, age at death predictions have been attempted using regression formulae (see Table 3.1-
Chapter 3).  The noted increase in OPD is the most commonly used age-related difference to 
develop age regression formulae, where the number of whole and/or fragmentary osteons is 
counted and used to estimate age (Figure 2.3).  While many formulae and techniques have been 
developed since Kerley (1965) first developed a histomorphometric aging technique, it is unclear 
which method and skeletal element yields the most precise predictions (discussed in Chaper 3).   
 It is also important to note that there is a lack of consensus within the literature regarding 
some of the observed age-related differences, given that several studies report having found no 
significant relation between osteon size and age (Bell et al. 2001; Black, Mattson and Korostoff 
1974; Jowsey 1966; Jowsey 1968; Kimura 1992; Mulhern and Van Gerven 1997; Pfeiffer 1998; 
Pfeiffer et al. 2006).  Further complicating issues of histomorphometric analyses and potentially 
the source of the lack of agreement within the literature is the inconsistent use and application of 
the terminology.  For example, Goliath (2010) only included osteons in his study in which at 
least 90% of the Haversian canals showed no signs of remodelling, whereas Britz et al. (2009) 
included osteons in which the cement line was ≥75% complete.  Another inconsistency within 
the literature includes the definition of osteon size.  Some studies refer to size as the ‘total area 
included within the outlined region’ (Britz et al. 2009; Goliath 2010; Pfeiffer et al. 2006); other 
studies describe size as the ‘perimeter of the osteon’ (Jowsey 1966).  Ural and Vashishth (2006) 
used two different definitions of area; one is defined as the ‘total area including canals’ and the 
other is defined as the ‘total area excluding canals’; however, the relation with age was different 
between their two definitions.  The use of multiple definitions within the literature makes 
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meaningful comparisons difficult and potentially erroneous.  Furthermore, the use of various 
definitions makes it difficult to detect and understand if true meaningful relations exist among 
these variables being studied. 
 It is clear that inconsistent approaches and applications of terminology complicate our 
understanding of bone remodelling.  Despite the fact that histological studies provide valuable 
information regarding the microstructure, the techniques employed in these studies are ultimately 
destructive to bone.  To process a specimen for histology, the bone is often destroyed and 
therefore a detailed analysis and description of the specimen must be recorded before the 
processing begins.   
 Moreover 2D analyses often requires large sample sizes upwards of 150 specimens are 
needed to characterize and generate meaningful statistics for quantitative evaluations (results of 
this study are discussed in Chapter 3) (Hennig and Cooper 2011).  When available, these large 
sample sizes often come from archaeological populations.  At best, archaeological populations 
can only provide limited medical or occupational histories.  Furthermore, the biological 
information such as, sex and age is most likely estimated, truly limiting their usefulness in 
making meaningful comparisons.   
 Yet, another drawback in the investigations on the microstructure of cortical bone is that 
these evaluations, both past and present, predominantly use 2D techniques, such as histology, to 
evaluate a 3D structure.  Given that the architecture of bone is multi-dimensional, 2D evaluations 
can only provide a limited perspective of section being analyzed.   
 While 3D reconstructions can be made from serial sectioning, it is very a tedious process 
(DeHoff 1983) and can often only provide qualitative data.  Furthermore, the sectioning plane of 
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the histological slice can also affect the shape and dimensions of the geometrical parameters 
being measured (Recker 1983; Stout et al. 1999).  Therefore, I suggest that by using 3D 
techniques, such as micro-CT, a better understanding of the remodelling process and the age-
related differences that accompany it will be gained.
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Figure 2.3: An example demonstrating the increase in osteon population density with age.  Left: young adult (female, 21 yrs), middle: 
middle adult (female, 41 yrs) and right: old adult (female, 81 years).  The periosteal surface: top of each image.
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2.3 Three-Dimensional Analyses 
 Due to technological limitations, very few studies in the past have investigated the 
microstructure of bone in 3D.  Those studies in which 3D applications were completed were 
either reconstructions made from the microstructure from serial sections  (Cohen and Harris 
1958; Stout et al. 1999; Tappen 1977), or using the split line method and injecting India ink into 
the canals to look at the orientation of osteons (Hert, Fiala and Petrtyl 1994; Petrtýl, Heřt and 
Fiala 1996). Improvements to micro-CT scan resolutions in the past decade have now made it 
possible for investigations of cortical bone in 3D. Computed tomography makes 3D 
reconstructions from 2D X-ray images and is a minimally-destructive.  Micro-CT is the 
application of computed tomography at the microscopic level.  The few studies that apply micro-
CT to cortical bone have largely focused on the mid-femoral diaphysis (Cooper et al. 2011; 
Cooper et al. 2004; Cooper et al. 2006; Cooper et al. 2007a; Cooper et al. 2003; Jones et al. 
2004), the femoral neck (Bousson et al. 2006; Bousson et al. 2004; Chen et al. 2010) and the 
mandible (Renders et al. 2007).   
 Studies using 3D techniques have provided new insights into the arrangement and 
complexity of the microstructure of cortical bone and demonstrated the need for further 
investigation.  For example, Stout et al. (1999) produced the first computer simulated 3D 
rendition of cortical bone using serial sections from Tappen (1977) and found Haversian systems 
to be a complex pattern of interconnecting branches.  In fact, they noted the “dumbbell-shaped” 
osteon, often discussed in the literature, was actually two separate branching osteons.  The 
pattern found by Stout et al. was much more complex and difficult to characterize than originally 
hypothesized by earlier non-computerized 3D analyses (Cohen and Harris 1958; Hert, Fiala and 
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Petrtyl 1994; Petrtýl, Heřt and Fiala 1996; Tappen 1977).  Recent studies using micro-CT also 
have noted the complexity of the interconnecting branches of Haversian systems (Basillais et al. 
2007; Cooper et al. 2007a; Cooper et al. 2003; Mohsin, Taylor and Lee 2002; Tanck et al. 2006).   
 Despite the fact that 3D techniques have begun to be applied as an investigatory tool of 
the microstructure of cortical bone, to my knowledge no studies using micro-CT have evaluated 
the orientation of osteons in human bone.  Prior to the application of micro-CT, osteon 
orientation was described at length in the literature, yet these descriptions have largely been 
qualitative.  Nevertheless, the conclusion reached by these studies is that osteons are aligned 
along the dominant loading trajectories of long bones (Ascenzi, Andreuzzi and Kabo 2004; 
Black, Mattson and Korostoff 1974; Black et al. 1980; Cohen and Harris 1958; de Boef and 
Larsson 2007; Hert, Fiala and Petrtyl 1994; Lanyon and Bourn 1979; Nomura et al. 2003; 
Petrtýl, Heřt and Fiala 1996; Rho, Kuhn-Spearing and Zioupos 1998; Wasserman et al. 2008).  
Several investigations have also used computer-simulated models to explain the regulation 
orientation of osteons (Burger, Klein-Nulend and Smit 2003; Martin 2007; Smit, Burger and 
Huyghe 2002; Ural and Vashishth 2007; van Oers et al. 2008a; van Oers et al. 2008b).  
 It is generally accepted that age is correlated to the size and shape of the 2D histological 
structures (Britz et al. 2009); yet no study has investigated the relation of the orientation of 
osteons to the 2D geometric parameters.  Britz et al. (Britz et al. 2009) have proposed that the 
age-related differences seen in circularity may be the result from different osteon orientations, 
which suggests that the differences in osteon shape (and size) that have been associated with age 
are, in fact, reflections of differences in osteon orientation with age.  Given that their study was 
2D, this theory could not be explored, further demonstrating the need for the application of 3D 
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techniques.   
 While access and availability to desktop micro-CT is not always possible, 3D techniques 
are important for furthering our understanding of bone remodelling.  A few current limitations of 
3D imaging must be acknowledged.  There is a diminishing gain when using micro-CT; 
increasing the resolution of a scan will unfortunately decrease the field of view that can be 
scanned.  Despite advancements in the ability to capture 3D images of the microstructure of 
cortical bone, the geometrical parameters of secondary osteons have not been consistently 
visualized using desktop micro-CT (Cooper et al. 2004); however recent work by Arhatari et al. 
(2011) have demonstrated that visualizing the geometric parameters using desktop micro-CT is 
possible .  Thus, histological techniques are still extremely useful. 
 While several age prediction formulae have been developed using the age-related 
differences seen in the histological structures of cortical bone, no studies have attempted this 
using 3D imaging.  An initial goal of this thesis was to develop a formula by combining these 
methodologies.  Upon, conducting a literature review of the histomorphometric aging techniques, 
the varying degrees of precision and the small sample sizes were noted.  An investigation was 
therefore launched to evaluate the relation between precision (SEE) and sample size in order to 
determine what the recommended/appropriate minimum sample size should be when developing 
histomorphometric formulae.  The results of this study are presented in Chapter 3.  
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CHAPTER THREE  
 THE RELATION BETWEEN STANDARD ERROR OF THE ESTIMATE 
AND SAMPLE SIZE OF HISTOMORPHOMETRIC AGING METHODS 
 
3.1 Introduction 
 Kerley (1965) developed the first histomorphometric aging technique that employed 
linear regression to predict age from differences observed in cortical bone.  He reported that by 
using the femur, tibia, or fibula, a precise age (measured through standard error of the estimate, 
or SEE) could be predicted within ±9.39, 6.69, and 5.27 years, respectively.  Shortly after, 
Ahlqvist and Damsten (1969) introduced a modification of Kerley’s method for the femur, 
reporting a smaller SEE of ±6.71years.  While the precisions reported by these pioneers were 
extremely promising, looking back after nearly a half century (Table 3.1) it is unclear how 
precise histomorphometric aging actually is and which methodology or skeletal element yields 
the best results.   
 Standard error of the estimate tells us how well the prediction equation fits the sample 
data by measuring the dispersion of predicted (y’) values from the known values (y): 
 
      
        
   
 
           Equation 3.1 
Where n is the sample size.  As such, SEE is an indicator of how precise the prediction equation 
actually is (Aykroyd et al. 1997; Hinton 2004).  In the case of histomorphometric age prediction, 
error between the predicted and known values can potentially arise from numerous sources 
including variation within and between individuals as well as the methodology used to 
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characterize histological features.  When comparing approaches it seems intuitive to dismiss the 
method with the larger SEE as being less precise; however, the issue of sample size complicates 
such a comparison.  For example, Kerley’s reported precision for the femur, noted above, 
although larger than that reported by Ahlqvist and Damsten, was derived from a sample over 
three times larger (n = 67 vs. 20).  In addition to the fact that the need for larger sample sizes has 
been discussed by many (Bouvier and Ubelaker 1977; Crowder 2005; Lazenby 1984; Pfeiffer 
1985; Walker, Lovejoy and Meindl 1994), the question of which technique should be considered 
the better method remains unanswered.  Given the importance of histomorphometric aging in 
physical anthropology, it is important that the impact of sample size on SEE be explored and 
discussed.  This chapter explores this relation through a review of the literature, predictions 
based upon sampling theory, and a simulation. 
3.2 Materials and Methods 
3.2.1 Literature Review 
 
A review of the literature (abstracts, articles, book chapters, theses, and dissertations) was 
completed for histomorphometric aging techniques which reported sample size (n) and SEE in 
units of years from individuals of known age (from gravestone markers or autopsy reports).  
Studies that reported SEE in other units such as natural log (ln) years (e.g. Stout and Paine 1992; 
Stout, Porro and Perotti 1996) were not included in this study as these SEE values cannot be 
directly converted back into units of years from the information provided within the publication.  
Forty studies, which reported SEE for 63 skeletal elements, met these criteria and were included 
in our analysis (Table 3.1).  Standard errors of the estimates reported for more than one skeletal 
element in an individual study were recorded separately as individual cases.  In the case of 
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multiple equations, the lowest reported SEE values were included in our analysis.  In studies 
where SEE was provided separately for males and females, each SEE was recorded as an 
individual case.  If SEE was provided for the pooled sexes as well as individually for males and 
females, the pooled SEE was selected as the SEE to be included.  Pooled SEE was chosen 
because identifying sex is not always possible and therefore we suggest that pooled SEE (when 
provided) is a more accurate measure of the expected precision.  Two studies (Table 3.1) that did 
not include SEE in their results but included sufficient raw data (known and predicted age) to 
calculate SEE were included in our study (Thompson 1981; Watanabe et al. 1998).   
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Table 3.1: Sample Descriptions and Reported Standard Error of the Estimates for 
Histomorphometric Aging Techniques 
Bone Study Sample Size 
Age Range 
Average Age 
Sex 
♂:♀:? SEE Range 
Femur Ahlqvist and Damsten (1969) 20 N/A (55.4) N/A 6.71 - 6.79 
Femur Aiello and Molleson (1993) 20 15 - 91 (54.7) 10:10:00 8.3 - 17.4 
Femur Bouvier and Ubelaker (1977) 40 11 - 82 (48.6) N/A 11.65 
Rib Cho et al. (2002)  154 17 - 95 (50.4) N/A 12.679 
Frontal Curtis (2003) 90 29 - 99 (75.2) 43:46:00 13.132 
Femur Drusini (1987) 20 19 - 50 (28.8) N/A 3.92 
Mandible Drusini et al. (1990) 50 18 - 97 (35.3) 32:18:00 6.42 - 11.45 
Rib Dudar et al. (1993) 55 17 - 95 (61.8) 24:43:00 11.4 
Femur Ericksen (1997) 58 14 - 60 (41) 27:31:00 9.14 
Femur Ericksen (1991) 328 14 - 97 (62.8) 174:154:00 10.08 - 12.21 
Femur Han et al. (2009) 72 35 - 94 (68.5) 44:28:00 6.65 - 6.99 
Femur 
 
Hauser et al. (1980) 96 21 - 87 N/A 10.7 - 11.4 
Tibia  31 18 - 88 N/A 13.5  -16 
Femur Hummel and Schutkowski (1993) 18 19 - 76 (52) N/A 10.9 - 14.5 
Humerus Iwamoto et al. (1978) *1 42 41 - 102 (69.1) 42:00:00 5.49 - 12.79 
Femur Keough et al. (2009) 146 19 - 82 (51.7) 104:41:00 13.31 - 16.3 
Femur Kerley (1965) 67 0 - 95 (41.6) 43:17:07 9.39 - 13.85 
Fibula  25 0 - 83 (34.5) 19:05:01 5.27 - 10.85 
Tibia  33 0 - 85 24:08:01 6.69 - 13.62 
Femur Kerley and Ubelaker (1978) 67 0 - 95 (41.6) 43:17:07 6.98 - 12.52 
Fibula  25 0 - 83 (34.5) 19:05:01 3.66 - 14.62 
Tibia  33 0 - 85 24:08:01 8.42 - 14.28 
Rib Kim et al. (2007) 64 22 - 67 (44.8) 36:28:00 4.82 - 4.97 
2nd metacarpal  Kimura (1992) 227 30 - 98 (68.8) 114:113:00 11.10 - 14.82 
Femur Maat et al. (2006) 162 15 - 96 86:76:00 9.162 - 14.786 
Femur Narasaki (1990) 28 43 - 98 (77.5) 28:00:00 9.28 
Femur  24 43 - 98 (77.5) 00:24:00 9.95 
Femur Nor et al. (2006)*2 36 N/A (53) N/A 14.04 
Humerus  5 N/A (38.7) N/A 11.75 
Multiple  64 21 - 91 (42.3) 50:14:00 12.62 - 13.86 
Radius  15 N/A (37.4) N/A 9.46 
Tibia  9 N/A (53) N/A 12.28 
Femur Pfeiffer (1992)  6 25 - 98 (58.3) 18:00:00 9.24 
Femur  10 17 - 76 (51.5) 00:11:00 8.23 
Rib Pratte and Pfeiffer (1999) 51 24 - 95 (63.6) N/A 3.256 
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Table 3.1: Continued.  Sample Descriptions and Reported Standard Error of the Estimates for 
Histomorphometric Aging Techniques 
Bone Study Sample Size 
Age Range 
Average Age 
Sex 
♂:♀:? SEE Range 
Rib Ren et al. (2001) 67 N/A  00:67:00 4.08 
Clavicle Rogers (1996) *3 95 22 - 88 (54.8) 50:45:00 13.69 - 24.75 
Clavicle  Rogers (1996) 95 22 - 88 (54.8) 50:45:00 16.48 - 21.10 
Humerus Rother et al. (1978) 70 20 - 81  42:28:00 8.45 - 9.7 
Femur Samson and Branigan (1987) 31 16 - 91 31:00:00 6.00 
Femur  27 16 - 91 00:27:00 16.00 
Femur Singh and Gunberg (1970) 33 39 - 87 (62.3) 33:00:00 3.24 - 5.01 
Mandible  52 39 - 87 (64.3) 52:00:00 2.55 - 3.83 
Tibia  33 39 - 87 (62.30 33:00:00 3.02 - 4.59 
Fibula Stout and Stanley (1991) 36 13 - 102 (59.6) 21:15:00 14.52 - 18.45 
Radius  36 13 - 102 (59.6) 21:15:00 15.87 - 17.97 
Tibia  36 13 - 102 (59.6) 21:15:00 14.84 - 18.86 
Rib Stout et al. (1994)  59 11 - 88 (39.9) N/A 10.43 
Femur Thompson (1979) 113 30 - 97 (72.1) 64:52:00 7.07 - 8.65 
Humerus  29 30 - 97 (68) N/A 6.21 - 8.52 
Tibia  113 30 - 97 (72.1) N/A 7.58 - 9.52 
Ulna  31 30 - 97 (69.4) N/A 7.89 - 10.57 
Femur Thompson (1981) *1 28 30 - 97 (33.7) 19:09:00 6.89 
Tibia  22 21 - 78 (42.7) 17:05:00 3.85 
Humerus  6 19 - 76 (49.6) 4:02:00 4.31 
Tibia Thompson and Galvin (1983) 64 17 - 53 (31.3) 56:08:00 8.52 
Femur Uytterschaut (1993) 20 17 - 92 (53.7) N/A 6.51 
Tibia  20 17 - 92 (53.7) N/A 6.29 
Femur Walker (1990) 173 18 - 90+ (52.3) 90:83:00 13.80  - 16.72 
Femur Wantanabe et al. (1998) 108 0 - 92  (49.6) 72:26:00 4.88 - 6.39 
Rib Xi and Ren (2002) 86 20 - 70 86:00:00 4.14 
Humerus Yoshino et al. (1994) 40 23 - 80 (47.6) 40:00:00 6.1-9.28 
Femur Zhu (1983) *4 35 5 - 86 (39.1) 29:06:00 1.51 - 13.80 
*1 SEE not provided in study but sufficient information present to calculate SEE  
*2 Table lists the published sample sizes and uses these values in all statistical analyses; however, personal communication with the author revealed 
these values were incorrect for the individual elements.  Correct totals are as follows: femur (n= 9), humerus (n =30), radius (n = 15) and tibia (n = 
7).  Average age of each group was also provided through personal communication and was not used in any statistical analysis because it was not 
published in the original article 
*3 SEE from Stout et al. (1996) equation  
*4 SEE reported in Kimura (1992) 
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3.2.2 Sampling Theory 
 It is well established that when sample size is small, the sample variance (s
2
) is less likely 
to be representative of the variance within the population (σ2) from which it was drawn.  The 
SEE is essentially the standard deviation (s) of the sampled values from the corresponding 
predicted values (rather than the mean) with one less degree of freedom (df) for simple 
regression (df = n – 1 – p; where p is the number of predictors).  Thus, as sample size increases, 
the sample SEE will converge on the ‘true’ level of the population.  Sampling theory, based upon 
Cochran’s theorem (Cochran 1934), reveals the relation between sample and population variance 
follows a chi-square (χ2) distribution with n-1 degrees of freedom:   
   
         
  
 
 
                    Equation 3.2  
Solving this equation for an unknown sample variance yields:   
     
  
   
 
           Equation 3.3 
(Wolberg 1976) 
Where n-1 represents the degrees of freedom.  Thus, using the appropriate χ2 values it is possible 
to predict the relation between n and SEE assuming σ2 is known.  To illustrate this point, we 
assumed the mean SEE of the two largest studies (Table 3.1), 10.59 years, reflects the square 
root of the ‘true’ population variance.  From there we calculated the 95% confidence intervals of 
SEE(s) using n-2 degrees of freedom.    
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3.2.3 Simulation 
To provide an intuitive demonstration of the relation between n and SEE, we generated a 
simulated population of 50,000 individuals of random age between 20 and 90 years (Figure 3.1).  
Simulated histomorphometric ‘ages’ were generated as normally distributed random error about 
chronological age in which the standard deviation of this error was again set to reflect the 
assumed population SEE in years (10.59 years).  Two thousand ‘studies’ of random sizes (3 - 
400 individuals) were simulated and the resulting SEE calculated.  The minimum size of three 
was employed to ensure that at least one degree of freedom remained for calculating SEE.   
3.3 Results 
The mean reported SEE from the literature was 8.63 years and the standard deviation was 
3.81 years (range:  1.51 - 16.48 years).  The mean sample size was 59 and ranged from five to 
328 specimens (Table 3.1).  Based upon sampling theory the 95% confidence intervals for SEE 
created a funnel-shaped distribution (Figure 3.2) which converged on the population SEE value 
(set to 10.59 years).  Representative 95% confidence intervals for samples of 10, 50, and 150 
individuals were ± 4.2, 1.7 and 1.0 years, respectively.  The results from the simulation mirrored 
the funnel-shaped pattern obtained via sampling theory (Figure 3.1).   
 Notably, for those studies in Table 3.1 that reported age range (n = 56), we detected a 
significant positive correlation between age range and the reported SEE (p = .026, r
2
 = .088).  As 
age range increased, the SEE increased (Figure 3.3).  Although regression could not be run on all 
elements individually (e.g. clavicle and mandible), for those elements represented by at least 
three studies (e.g. femur and rib), no significant relation was detected between age range and 
SEE.  When the relation between average age of a sample and SEE was examined no significant 
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linear relation was detected (p = .198, r
2
 = .035).  Finally, using an independent t-test no 
significant differences were found between the average SEE of individual element types (e.g. 
femur vs. tibia).  This can be seen in Figure 3.4.
  
 
2
8
 
 
 
 
Figure 3.1: Sampling theory distribution 95% confidence intervals (s = 10.59 years) and scatter plot of Standard Error of the Estimates 
from the simulated model 
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Figure 3.2: Sampling theory distribution 95% confidence intervals (s = 10.59 years) and scatter plot of reported Standard Error of the 
Estimates from the literature. 
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Figure 3.3: Scatter plot of the relation between age range and Standard Error of the Estimate (n= 56, p = .026, r
2 
= .088) 
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Figure 3.4: Box plot of individual skeletal elements and the Standard Error of the Estimate.  Note the outlier in the femur where SEE 
was 16.00 years (Samson and Branigan, 1987)
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3.4 Discussion and Conclusion 
Although, the need for larger samples has been discussed by many (Bouvier and 
Ubelaker 1977; Crowder 2005; Lazenby 1984; Pfeiffer 1985; Walker, Lovejoy and Meindl 
1994), sample sizes employed in the generation of histomorphometric aging methods have often 
been very small.  Looking to the related literature, the effect of insufficient sample size is not 
fully appreciated.  Bouvier and Ubelaker (1977) and Lazenby (1984) note that as sample size 
increases the variability of a sample tends to increase, thereby increasing the SEE.  This suggests 
a linear relation between the two values.  As we have illustrated, the relation between sample 
size and SEE is not linear.  Standard error of the estimate becomes more variable as sample size 
decreases and this random variation lies both above and below the level of the ‘true’ population 
variance.  This makes meaningful comparisons of different approaches developed within and 
between skeletal elements very difficult when small samples are involved.  As indicated by our 
literature review there is a large degree of variation within the reported SEE for any given 
skeletal element.  For example, SEE values for the femur and rib are highly variable ranging 
from 1.51 - 16.00 yrs and 3.26 - 12.68 yrs, respectively (Figure 3.4).  From the data available, it 
is not possible to definitively ascertain whether this intra-element variation is due to differences 
between the populations sampled, the methodology employed, and/or random error associated 
with insufficient sampling.   
Returning to the comparison of femoral aging approaches in our introduction,  a review 
of Ahlqvist and Damsten’s method, by Bouvier and Ubelaker (1977) further complicates matters 
as they found that when the sample size was increased from 20 to 40, the SEE increased from 
±6.71 years to ±11.65 years (recall Kerley’s original value was ±9.39 years; n = 67).  While the 
question of which method is better in terms of predictive precision is certainly a valid one, we do 
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not believe that enough information exists to provide a definitive answer.  This problem is 
further compounded when comparing different skeletal elements that have been analyzed with 
different methodologies.  As noted above, no significant difference was found between skeletal 
elements and SEE.  In the event that a choice needs to be made, we would strongly advocate the 
use of methods developed on larger sample sizes.  
 This raises the question: how large is large enough?  When using regression to detect a 
relation many different ‘rules of thumb’ for minimum sample size have been suggested within 
the literature.  For example, Tabachnick and Fidell (1996) suggest that the minimum sample size 
that should be used to detect a linear relation is 50 + 8p, where p is the number of independent 
variables.  Green (1991) notes that the formula 50 + 8p is only accurate when a small number of 
predictor variables are used (p ≤ 7).  Moreover, Tabachnick and Fidell (1989; 1996) strongly 
advocate using sample sizes greater than 100 whenever possible to avoid errors that accompany 
small sample size.  Nunnally (1967) has similarly suggested that a sample of at least 100 is 
necessary to demonstrate a relation with little bias.  Maxwell (2000) notes that when using 
regression to detect relations, sample sizes are often too small (100 or less) to truly detect a 
meaningful relation; and therefore he highly recommends that sample sizes greater than 140 be 
used.  When using regression to make predictions (e.g., age estimates) even larger sample sizes 
are recommended, preferably on the order of several hundred.  This is especially important when 
using more than one predicting variable (Guadagnoli and Velicer 1988; Maxwell 2000; Nunnally 
1967; Nunnally and Bernstein 1994).  As Nunnally and Bernstein (1994) note, prediction 
equations resulting from larger sample sizes are more likely to be stable because the estimates 
produced from these equations are less likely to result from chance.  Our review of the literature 
revealed a mean sample size of 59 and it is notable that 84% (53/63) of the regression formulae 
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included in our analysis were based upon fewer than 100 individuals.  Provided the SEE value 
we employed in our calculations (10.59 years) is an appropriate representation of human 
populations, it takes at least 150 individuals to develop a SEE which itself has a 95% confidence 
interval of ± 1.0 years or less.  It should also be noted that there are diminishing gains with 
increasing sample size and it seems reasonable to advocate the use of sample sizes in the range 
of 150 - 200 individuals.  If the true population SEE value is less than 10.59 years, which 
certainly may be the case for different sub-populations and/or skeletal elements, the confidence 
interval of the SEE will converge more quickly.  As Figure 3.1 demonstrates, several studies fall 
well below the 95% confidence curves predicted at 10.59 years.  This could be due to a number 
of factors including the use of a less variable sample set, a better experimental methodology, 
and/or chance.  For example, as we noted above, methods with smaller age ranges tend to have 
lower SEE values, which could indicate less variation within the sample; however, while 
presenting an encouraging starting point, such low-lying points are difficult to interpret - 
particularly with  such small sample sizes.  Low-lying points for larger samples would provide 
more compelling evidence of a more precise approach.  The relatively low number of points 
lying above the 95% confidence curves is encouraging as it suggests population level SEE values 
are on the order of 10 years or less.  That said, a reporting bias against apparently poorer results 
could not be ruled out. 
  Ideally, it is beneficial to have a small SEE, but it is important to recognize that SEE is 
only meaningful if the sample it was generated from is representative of the population it is 
trying to describe.  An important aspect in ensuring a sample is representative of its population is 
having a sample of an adequate size.  It is untenable to expect an aging technique developed on a 
very limited sample to be representative of the larger population for which its use is ultimately 
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intended.  Histomorphometric aging can be a valuable tool in physical anthropology; yet, few 
studies have been based on samples of sufficient size to enable confidence in the reported 
precision.  There are only six studies based upon samples of ~150 specimens or more, 
representing only three skeletal elements (see Figure 3.1).  This greatly limits our ability to make 
definitive comparisons between different methodologies using various skeletal elements.  Our 
primary purpose here is not to criticize the methods and techniques used in histomorphometric 
aging, but to call attention to the effect of sample sizes on the reported level of precision and 
advocate the pursuit of more larger-scale studies.  In the case of comparing different skeletal 
elements and methodological approaches, it would be ideal to employ standardized samples. 
 Given the results presented in this chapter it was concluded that developing a formula to 
predict age at death through the combination of histology and high-resolution micro-CT could 
not be resolved due to the limited sample size this study would be conducted on (n = 32).  It is 
important to note, however, that the these results do not mean to suggest that histological studies 
investigating the age-related differences using smaller samples cannot provide valuable 
information, only that developing age-regression formulae on small sample sizes is 
inappropriate.  Therefore, the focus of this thesis was shifted to evaluating the effect osteon 
orientation has on the geometric parameters of the histological features of cortical bone in 
attempt to better understand the relation between these variables and age.  The results of this 
study are presented and discussed in Chapter 4.  
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CHAPTER FOUR  
DETERMINANTS OF OSTEON GEOMETRIC PARAMETERS AND 
THEIR RELATION WITH AGE IN CORTICAL BONE 
4.1 Introduction 
 Early bone histology pioneer, Anthony van Leeuwenhoeck (1677), was likely the first to 
produce a three-dimensional (3D) hand-drawn rendering of the microstructure of cortical bone. 
He described cortical bone as a collection of longitudinal and radial “pipes.”  Van 
Leeuwenhoeck created the rendering from a square piece of bone viewed under a microscope, 
which can only provide a limited depth of field.  Until recently 2D techniques were 
predominantly used to view the microstructure within cortical bone; however, recent innovations 
in micro-CT imaging have made it possible to view the microstructure in 3D.  These initial 
studies revealed that the network of the microstructure was much more complex than originally 
described by Leeuwenhoeck  (Arhatari et al. 2011; Basillais et al. 2007; Cooper et al. 2004; 
Cooper et al. 2007a; Cooper et al. 2003; Mohsin, Taylor and Lee 2002; Stout et al. 1999; Tanck 
et al. 2006); nevertheless, the general description of the microstructure used today remains very 
similar to van Leeuwenhoeck’s early description.  The longitudinal pipes he described, now 
known as Haversian systems (secondary osteons) - after Clopton Havers who was the first to 
describe secondary osteons in 1691 - form the basic structural unit of bone.   
4.1.1 Literature Review  
 Secondary osteons (hereafter osteons) are formed through remodelling, the primary 
means of skeletal maintenance.  Remodelling is achieved through a process in which the basic 
multicellular unit (BMU) composed of osteoclasts (bone destroying cells) and osteoblasts (bone 
forming cells), removes microscopic regions of old bone and replaces them with new bone.  As 
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this process takes place, new osteons subsequently replace and overlap old osteons, forming an 
interconnected network of osteonal canals.   
 Histology, the study of microscopic tissues, has principally been used to assess the 
microstructure of cortical bone.  This 2D technique allows for the visualization and quantitative 
analysis of the specific histological details (such as osteon shape or size) within the 
microstructure.  Using this technique, characteristic age-related differences have been identified 
and hypothesized to occur as a result of the remodelling process.  These differences have largely 
been described in terms of the osteon geometry (for example, circularity and area). 
 Currey (1964) and Britz et al. (2009) have observed that osteon circularity increases with 
age.  Therefore, younger individuals have increasingly elongated and/or irregularly shaped 
osteons.  As osteons become more circular with age, they have also been shown to decrease in 
size (Currey 1964), indicating a possible relation between osteon area and age, an observation 
that has been extensively noted within the literature (Britz et al. 2009; Burr, Ruff and Thompson 
1990; Currey 1964; Ericksen 1991; Iwamoto, Oonuki and Konishi 1978; Kerley 1965; Martin, 
Pickett and Zinaich 1980; Singh and Gunberg 1970; Thompson and Galvin 1983; Ural and 
Vashishth 2006; Watanabe et al. 1998; Yoshino et al. 1994).   
 Despite the fact that histological investigations can provide valuable information on the 
cross-sectional geometry of osteons, these investigations share one inherent limitation: they are 
2D in nature.  Bone is a 3D structure, in which the microstructure is composed of an elaborate, 
interconnected, network of canals (Stout et al. 1999).   Furthermore, the fact that bone 
continually renews itself throughout life, adds a fourth, temporal, dimension (Cooper et al. 
2007a; Cooper et al. 2003) .   
 Early attempts to investigate the microstructural system of cortical bone have noted the 
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complexity (as recently defined by Cooper et al. [2003] as the number of branching points within 
the canal network) of its architecture (Cohen and Harris 1958; Kragstrup and Melsen 1983; 
Tappen 1977).  Nonetheless, the extent of branching within the network was not recognized until 
Stout et al. (1999) generated the first 3D computer-assisted renderings.  They qualitatively 
described the network of Haversian systems as a complex pattern of interconnected, branching 
networks that cannot be fully realized through 2D techniques.   
 The application of micro-CT has made it possible for the microstructure of the osteonal 
canals to be visualized as well as quantified in 3D (Bousson et al. 2001; Bousson et al. 2004; 
Cooper et al. 2004; Cooper et al. 2007a; Cooper et al. 2003; Wachter et al. 2001).  Many of the 
initial studies investigating the 3D microstructure of cortical bone using micro-CT have similarly 
noted the complexity of the canal networks (Arhatari et al. 2011; Basillais et al. 2007; Cooper et 
al. 2004; Cooper et al. 2007a; Cooper et al. 2003; Mohsin, Taylor and Lee 2002; Tanck et al. 
2006).  The complexity of the canals has also recently been quantified and shown to increase 
with age (Cooper et al. 2007a; Cooper et al. 2003).   
 While the initial application of micro-CT on cortical bone used a scan resolution of only 
30 µm (Wachter et al. 2001), continuing advancements in the technology have allowed more 
recent studies to achieve scan resolutions as high as 1.7 µm (Arhatari et al. 2011).  Nevertheless, 
the specific details of osteon geometry cannot be consistently visualized or quantitatively 
evaluated at lower resolutions; and therefore, micro-CT is still limited in its application of 
characterizing the age-related processes regarding the geometry of osteons. 
   Although, quantitative analysis of the 3D space of osteon canals is possible using micro-
CT, the orientation of osteons has only been qualitatively described in actual bone.  Osteons are 
generally described as being obliquely aligned along the dominant loading trajectories (Ascenzi, 
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Andreuzzi and Kabo 2004; Black, Mattson and Korostoff 1974; Hert, Fiala and Petrtyl 1994; 
Lanyon and Bourn 1979; Nomura et al. 2003; Petrtýl, Heřt and Fiala 1996; Rho, Kuhn-Spearing 
and Zioupos 1998), and have been found to gradually become more longitudinal as they move 
towards the neutral loading axis (Petrtýl, Heřt and Fiala 1996).  Petrtýl et al. (1996) have also 
noted that the osteons in unloaded bones are either irregularly or longitudinally oriented, 
concluding that osteon orientation is guided by strain and/or stress.   
 Computational modelling has proposed mechanisms to explain the possible association 
between loading and osteon orientation.  These studies have proposed that strain, the ratio of 
deformation that results from loading (Frost 1997; Lanyon and Bourn 1979), guides the direction 
of BMU development.  (Burger, Klein-Nulend and Smit 2003; Smit and Burger 2000; Smit, 
Burger and Huyghe 2002; van Oers et al. 2008a).  In further support for this theory, van Oers et 
al. (2008b) demonstrated that when bone is unloaded, BMUs become randomly oriented. 
 Although computer simulated modelling can potentially explain the mechanisms that 
guide the direction of BMUs, the orientation of osteons in 3D has not been quantitatively 
evaluated in actual bone.  Despite the fact that the many studies have described the age-related 
differences in the microstructure of cortical bone, these studies are predominatly-2D 
investigations, and cannot provide information on how the differences in orientation may be 
related to the geometric parameters of osteons.  Therefore, the relation between osteon 
orientation and osteon geometry (circularity, and aspect ratio) remains unknown.    
 As previously noted, Britz et al. (2009) have shown that osteon circularity increases with 
age.  Operating under the widely held assumption that osteons are cylindrical, they predicted that 
the increasing circularity truly reflects differences in the orientation of osteons.  Following their 
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hypothesis, it would hold that the age related differences observed in osteon geometry in 2D, 
such as increasing circularity, results from differences in osteon orientation in 3D (Figure 4.1).   
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Figure 4.1:  If truly cylindrical, longitudinal (cylinder 1) osteons should be circular in their cross 
sections, while those osteons that are obliquely orientated (cylinder 3) should have cross sections 
that are elongated.  Axes of rotation are also shown: z-axis (green), y-axis (blue), and x-axis 
(red).  
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4.1.2 Objectives 
 Investigations into the remodelling process within the microstructure of cortical bone are 
restricted when utilizing histology alone, since histology only provides a 2D perspective on a 3D 
structure.  Recent advancements in micro-CT provide an opportunity to investigate osteon 
orientation in 3D.  The integration of histology, with micro-CT allows for the quantitative 
evaluation of the relation between osteon geometric parameters in 2D and osteon orientation in 
3D.  To my knowledge, this is the first study to combine 2D and 3D technologies for the 
purposes of quantitatively investigating the relation between osteon orientation and osteon 
geometry.   
 In an attempt to better understand the age-related differences that have been observed 
within the microstructure of cortical bone and operating under the widely held assumption that 
osteons are cylindrical, two questions were addressed.  First, does the orientation of osteons in 
3D determine osteon geometric parameters visualized in 2D?  Specifically, I tested the 
hypothesis that the irregular/elongated shaped osteons visualized in a 2D cross-section are 
associated with deviations in osteon orientation from the longitudinal axis.  I predicted that 
longitudinally orientated osteons would have circular cross-sections and that obliquely orientated 
osteons would have elongated cross-sections.   
 Second, can the differences in 3D osteon orientation explain the age-related 
differences observed in 2D osteon geometry?  To address this objective I tested the hypothesis 
that the age-related differences observed in osteon geometry result from differences in osteon 
orientation.  I predicted that the circular cross-sections associated with older ages result from 
longitudinally oriented osteons.  If this hypothesis is correct, then I also expect osteon orientation 
to be associated with age.   
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4.2 Materials and Methods  
4.2.1 Experimental Subjects  
 The femoral specimens used in the present study were obtained from the Melbourne 
Femur Collection (MFC).  These specimens were collected from the Victorian Institute of 
Forensic Medicine (VIFM) in Melbourne Australia.  The VIFM is currently one of the world’s 
largest and best-documented collections from a modern population.  The MFC is comprised of 
individuals whose remains, upon family consent, were donated at the time of autopsy.  Next-of-
kin questionnaires were completed and those individuals who were known to have medical 
conditions and/or known to have taken medications that affect bone were not sampled (Clement 
2005).   A sub-sample of 32 female (20 to 87 years) right femoral-midshaft specimens, collected 
from 1990 to 2003, was selected for analysis.  This study was conducted with ethics approval 
from the VIFM (EC26/2006), the University of Melbourne (HREC 980139), and the University 
of Saskatchewan (Bio# 08-46). 
 The femoral diaphysis has been the most commonly studied region when assessing age-
related differences in cortical bone for both 2D (Britz et al. 2009; Hennig and Cooper 2011; 
Robling and Stout 2000) and 3D techniques (Cooper et al. 2006; Cooper et al. 2007a; Cooper et 
al. 2007b).  The anterior femur, which principally experiences tensile loading, was specifically 
selected as the region of interest (ROI) for this study.  Using this region reduced the potential 
variation in the geometry and orientation of osteons that may be related to various modes of 
strain experienced within other regions of the femur (Szivek, Benjamin and Anderson 2000).  
Specimens were originally obtained as complete diaphyseal rings along the bone’s long axis and 
subsequently cut into 5mm blocks from the anterior region (Figure 4.2) (Cooper et al. 2006).   
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Figure 4.2: Figure demonstrating the placement of the ROI along the periosteal surface of the 
anterior region.  The axis of the centroid (black dot) is the midpoint of the posteriorly located 
linea aspera and was used to locate the anteriorly placed ROI. 
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4.2.2 Two-Dimensional Analysis
 4.2.2.1 Histological Section 
 Histological ground sections were created using a technique adapted from Frost (1958). 
Hereafter, histological sections are referred to as sections and individual scan images are referred 
to as slices in accordance with Kuhn et al. (1990). Sections were cut to approximately 150 µm, 
hand lapped to 50 µm with 2000 Grit 3M sandpaper, and sonicated (Bransonic ultrasonicator; 
Emerson Electric Co.; Danbury, CT) for several minutes to remove sandpaper residue.   
 Sections were mounted and imaged at 20X magnification with a modular microscopy 
platform (Motic BA400; Motic Group Co., LTD.; Richmond BC).  Using a motorized 
microscope stage (OptiscanII; Prior Scientific; Rockland, MA) to help reduce error, tiled images 
of the entire section were created with the attached PaxCam2 and complimentary image database 
software V.7.4 (MIS, Inc.; Villa Park, IL.).   
4.2.2.1.1 Image analysis 
 The tiled images were imported into ImageJ software platform (v.1.43u, NIH; 
http://rsb.info.nih.gov/ij/) and manually matched to an appropriate micro-CT slice (note: perfect 
matches could not be achieved as a result of slight variations in imaging and sectioning planes).  
Once matched, 3mm circular ROIs were selected from the primary axis of the periosteal surfaces 
(Figure 4.2).  Individual osteons were outlined using ImageJ’s built-in editor and an interactive 
LCD tablet (Cintiq 12WX, Wacom co. Ltd., Japan).  Osteon outlines were recorded separately 
for all ROIs.  These outlines served as the basis for the calculation of the averages of each 
geometric parameter for individual specimens.  Osteons were outlined according to Britz et al. 
(2009).  In brief, all osteons within the ROI with a clearly defined cement line were manually 
outlined.  Osteons where ≥75% of the cement line was visible and where the remainder could be 
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inferred were also outlined.  Osteons near the boundaries of the ROI were only outlined if the 
entire canal was within the ROI boundary and ≥75% of the cement line was visible.   
4.2.2.1.1.1 Primary Measures 
 The osteon geometric parameters of osteon circularity and aspect ratio were measured in 
ImageJ (ImageJ: v.1.43u, NIH; http://rsb.info.nih.gov/ij/).  Osteon circularity (On.Cr., unitless) 
and aspect ratio (AR, unitless) were selected because they are self-normalizing measures and are 
not affected by the size of the osteon.   
 Osteon circularity measures how circular an object is from the outline of the osteon 
(Figure 4.3).  This formula is written as:  
                
    
            
  
Equation 4.1 
Values approaching zero represent increasingly elongated/irregular shapes while values of one 
represent perfect circles.   
 Aspect ratio measures how circular an object is from the ratio between the minor and 
major axes of the ellipse of best fit.  For the purposes of this thesis, the inverse of the aspect ratio 
was used (Figure 4.3).  Formula written as: 
              
          
          
 
Equation 4.2 
 
 Similar to osteon circularity, scores of zero represent increasingly elongated ellipses, and scores 
approaching one represent a circular shape.   
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 While osteon circularity and aspect ratio can both be used to describe the circularity of an 
object, it is important to highlight that they are different parameters.  Osteon circularity is a 
measurement of the compactness of a shape and is directly measured from the outline of the 
osteon.  Aspect ratio, however, is a measurement of the ratio between the minor and major axes 
and is measured from the ellipse of best fit (Figure 4.3). 
4.2.2.1.1.2 Secondary Measures 
 Osteon angle (theta) is the angular rotation of the 2D outline about the x-axis.  It is 
measured from the centroid of the ellipse of best fit as the angle between the major axis and a 
line running parallel to the x-axis (Figure 4.4b).  Theta angles ranged from 0° to 180° but were 
transformed to range from 0° to 90° and represent the circumferential (0°) and radial (90°) 
directions.   
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Figure 4.3: Figure of an outlined osteon with the ellipse of best fit.  Solid line represents the 
minor axis.  Dashed line represents the major axis.  Circularity was calculated from the outline of 
the cement line (red).  Aspect ratio was calculated from the ratio between the minor and major 
axes.
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Figure 4.4: A: Image showing the axes of rotation of theta (θ) and phi (ɸ) along the Cartesian coordinate system.  Theta was measured 
from the x-axis (red) and phi was measured from the z-axis (green).  B: Schematic demonstrating how osteon angle (theta) was 
measured.  The solid red line represents the line parallel to the x-axis from which theta was measured.  Note the circumferential 
direction (0°) runs along the x-axis and the radial direction (90°) runs along the y-axis.  C: Schematic demonstrating how osteon 
orientation (phi) was measured.  Note the longitudinal direction (90°) runs along the z-axis and the horizontal direction (0°) runs along 
the x-axis.  Solid lines represent the minor axis.  Dashed lines represent the major axis.  
A     B      C 
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4.2.3 Three-Dimensional Analysis  
  4.2.3.1 Imaging 
 Volume renders for this study were created from the micro-CT data collected from 
specimens that were previously scanned by Cooper et al. (Cooper et al. 2006; Cooper et al. 
2007a).  These scans were created using a SkyScan 1072 micro-computed tomograph (Kontich, 
Belgium) - 7µm isotropic voxel size.  Their scan protocol included a rotation through 180° at a 
rotation step of 0.23°.  The X-ray settings were standardized to 100 kV and 100 µA with an 
exposure time of 7.5 s per frame.  To reduce noise, six-frame averaging was used.  Each scan 
took approximately 12 hours. 
 I obtained matching ROIs for the 3D data using CT Analyser 1.10.1.0 software package 
(SkyScan, Aartselaar, Belgium).  One hundred slices from these ROIs were used to create 
volume renders of the canals in Amira 5.3.3 (Visage Imaging Inc. Berlin, Germany).  At a 7 µm 
resolution (slice thickness), the total depth (z-dimension) of the render was 700 µm, which was 
specifically chosen to ensure that the length of the canals were more than twice the approximate 
diameter of an average osteon - 200 µm to 300 µm (Bousson et al. 2000; Britz et al. 2009; 
Robling, Castillo and Turner 2006).  Each volume render was skeletonized and subsequently 
edited using the filament editor extension in Amira.   
4.2.3.1.1 Image Analysis 
 The orientation of the canals was measured in ImageJ.  A custom macro was used to 
straighten and calculate the orientation of each canal (from the skeletonised lines) through 
trigonometric functions, based on the known 3D coordinates of each line.  Osteon orientation 
(phi) is the measured angular rotation of the osteonal canal about the z-axis (Figure 4.4c).  The 
orientation of each osteon was measured along the horizontal axis, where 0° represents a canal 
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running along the horizontal plane and angles approaching 90° represent canals that are 
longitudinal.  The orientation of individual canals were measured with both positive and negative 
phi values, but for the purpose of this study, absolute values were used and therefore all 
orientations range from 0° to 90°.   
4.2.4 Two-Dimensional and Three-Dimensional Data Analysis  
   The ROIs of the histological section were imported into Amira and superimposed into 
the middle of each volume render (Figure 4.5).  The 3D volume renders of each specimen were 
manipulated so that the canals of the render matched the corresponding osteonal canals of the 
histological section.  Once straightened, skeletonizations of the volume renders were imported 
back into Amira where the appropriate lines of the renders were manually matched to the 
corresponding osteon outlines (Figure 4.6).  These matches served as the basis for the statistical 
comparison between the 3D data and the 2D data.   
 To eliminate potential sources of error in the editing process of the skeletonizations, 
osteons were excluded from analysis if the corresponding straightened line did not run through 
the outline of the matching osteon.  Osteons with more than one line passing through were 
included in the analysis only if the secondary line was clearly distinguished from the primary 
line as a branching point.  Furthermore, any canal with an orientation below 45° was considered 
a Volkmann’s canal and was excluded from analysis.  For a detailed description of the study’s 
step-by-step protocol, refer to Appendix II.   
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Figure 4.5: Histological section superimposed into the middle of the volume render.  Fifty slices 
have been placed above and below the histological section (21 yrs, female). To: longitudinal 
view. Bottom: oblique view. 
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Figure 4.6: Histological section superimposed into the middle of the volume renders.  Fifty slices 
have been placed above and below the histological section (21 yrs, female).  Top: skeletonization 
from the volume render.  Bottom: straightened lines from skeletonization.  
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4.2.5 Statistics  
 All statistics were calculated using SPSS 19.0 (SPSS Inc, Chicago, IL).  The mean values 
of each variable were calculated for individual specimens and employed for all analyses.  
Komologorov-Smirnov 1-sample tests determined that the mean values for all parameters were 
normally distributed.  Significance level for all analyses was set to the standard p < .05.   
 Regression analysis was used to examine the relation between orientation and osteon 
geometry.  I hypothesized that osteon orientation (phi) predicts osteon shape.  Assuming 
cylindricality of osteons, the orientation (phi) of osteons should determine their geometry.  
Therefore, as osteons become longitudinally orientated in 3D their cross-sections in 2D should 
become circular.  Once the major axis was solved for (see Appendix III), osteon circularity 
(Equation 4.3) and aspect ratio (Equation 4.4) were predicted and their relation to osteon 
orientation (phi) estimated (Figure 4.7) (Appendix III) 
               
             
                
  
Equation 4.3 
                   
Equation 4.4 
  
  
 Univariate analysis of covariance was then used to investigate the relation of 2D osteon 
geometry against age and osteon orientation as covariates in order to investigate whether 
orientation independent of age could explain the differences in osteon geometric parameters.  
Partial eta-squared (η2partial) values were used to describe the relative amount of variance 
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accounted for by each factor/covariate.  If cylindrical, the differences in orientation should then 
explain the age-related differences in the geometric parameters of osteons that have been 
previously observed.  Since I predicted that the associated age-related increases in the circularity 
of osteons result from increases in osteon orientation (phi), I expect to see a relation between 
osteon orientation and age.  Consequently, as age increases, osteons will become increasingly 
longitudinal and therefore, have circular cross-sections whereas the osteon of younger 
individuals will be more obliquely orientated with elongated cross-sections (Figure 4.7).   
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Figure 4.7: A: Assuming osteons are cylinders, the orientation can be used to predict geometric parameters.  Osteons that are 
longitudinal (cylinder 1) have circular cross-sections, while osteons that are more obliquely orientated (cylinder 3) have elongated 
cross-sections.  The axes of rotation are also shown: z-axis (green), y-axis (blue), and x-axis (red).  Figures B and C demonstrate the 
expected relations between phi and osteon circularity and aspect ratio.  Minor Axis /sin ɸ was used to determine the major axis.  Using 
a standard minor axis as a diameter (250 µm), osteon circularity and aspect ratio could be predicted from estimating the major axis.  
Note these relations are not linear.  Solid black line represents linear line of best fit.  Dashed black line represents loess line of best-fit.  
Phi in Figure C represents range of degrees used in analysis.  Anything below 45° was assumed to be a Volkmann’s canal and 
discarded from analysis  
A B 
C 
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4.3 Results 
4.3.1 Summary Statistics 
 
 Four of the 32 histological sections could not be matched to a micro-CT slice and were 
excluded from the analysis.  Additionally, one specimen with only primary canals (specimen 
VIFM_035) was also removed from analysis.  Twenty-seven specimens, 20 to 86 years (mean 
50.46 years; SD 22.17 years), and 1,408 osteons were analyzed in this study (Figure 4.8).  
Summary statistics of 2D and 3D parameters are provided in Table 4.1.  Images of individual 
specimens and their osteon outlines are presented in Appendix IV.   
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Figure 4.8: Example of ROIs from a younger (top, 33 yrs) and older (bottom, 86 yrs) female specimen.  ROIs analyzed (left), the 
outlined osteons within the ROI (middle) and the ellipse of best-fit (right).  Periosteal surface is up.
  
59 
 
 
 
 
 
 
Table 4.1: Summary statistics of 2D and 3D parameters from mean values 
 
Sample (n) Range 
Minimum 
(mean) 
Maximum 
(mean) 
Mean 
Standard 
Deviation 
Age 27 66 20 86 51.48 22.38 
Osteon 
Circularity  
27 0.13 0.72 0.85 0.79 0.04 
Aspect Ratio 27 0.18 0.59 0.77 0.70 0.05 
Osteon Angle - 
theta (degrees) 
27 36.28 15.44 51.72 30.09 9.43 
Osteon 
Orientation - 
phi (degrees) 
27 9.89 74.06 83.95 79.08 2.33 
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4.3.2 Primary Measures  
4.3.2.1 Objective One 
 The raw data in Figure 4.9a illustrates the relation between osteon orientation (phi) and 
osteon circularity and aspect ratio.  A significant negative correlation was found between osteon 
orientation (phi) and both osteon circularity and aspect ratio (p = .016, r
2
 = .211; p = .020, r
2
 = 
.198, respectively - Figure 4.9b).  Thus, osteons became increasingly circular as their orientation 
(phi) became more oblique. 
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Figure 4.9: A: Scatter plot from the raw data showing the correlation of osteon orientation (phi) against the 2D geometric parameters 
(osteon circularity, aspect ratio, and osteon angle - theta).  B: Scatter plot of the mean values demonstrating the correlation between 
phi and the 2D geometric parameters.  Solid black line represents the line of best-fit.  phi and On.Cr.:  p = .016, r
2
 = .211.  phi and 
AR: p = .020, r
2
 = .198.  phi and theta: p = .007, r
2
 = .260.
A 
B 
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4.3.2.2 Objective Two 
Univariate analysis of covariance revealed a significant positive correlation between age and 
both osteon circularity and aspect ratio (p < .001, r
2
 = .613; p < .001, r
2
 = .523) and signified that 
osteons became increasingly circular with age independent of osteon orientation (Figure 4.10).  
Age accounted for 51% of the variation of osteon circularity and 41% of the variation of aspect 
ratio.  Table 4.4 demonstrates that when analyzed as covariate with age, osteon orientation (phi) 
was no longer significantly related to either osteon circularity or aspect ratio. 
 While the relation between osteon orientation (phi) and age was not statistically 
significant, the negative correlation approached significance (p = .059, r
2
 = .135).  The direction 
of the detected difference was unexpected.  Osteons became more obliquely oriented as age 
increased.  Figure 4.11 illustrates that there is a trend towards osteons moving away from the 
longitudinal plane as age increases. 
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Figure 4.10: Scatter plots of the mean values demonstrating the correlation between age and the 2D geometric parameters.  Solid black 
line represents the line of best fit.  Age and On.Cr.:  p < .001, r
2
 = .575.  Age and AR: p < .001, r
2
 = .481.  Age and theta: p = .041, r
2
 
= .156.
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Figure 4.11: Scatter plot of the relation between age and osteon orientation (phi).  Note this is not 
a significant relation.  However, the relation approaches significance (age and phi: p = .059, r
2
 = 
.135) 
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4.3.3 Secondary Measures   
 A significant negative correlation was also found between osteon orientation (phi) and 
osteon angle (theta) (p = .007, r
2
 = .260).  As osteons are rotated along the z-axis, they appear to 
be rotated along the x-axis as well.  Figure 4.9b demonstrates that as osteons become more 
radially orientated along the x-axis they become more obliquely orientated along the z-axis. 
 A significant positive correlation was also detected between age and osteon angle (theta) 
(p = .041, r
2
 = .156).  Figure 4.12 illustrates that as age increased osteons also appeared to move 
away from the circumferential plane, becoming more radially orientated.  To demonstrate the 
differences in osteon angle (theta) values with age, Figure 4.13 is divided into two age 
categories: young adult (20yrs - 49yrs) and old adult (50yrs - 89 yrs).  Note that while the old age 
group had a high incidence of circumferential osteons, there was a progressive increase in the 
frequency of osteons that became more radially aligned.  However, the results from the 
univariate analysis revealed that osteon orientation, not age, explains the rotation of osteon angle 
(theta) (p = .029, r
2
 = .310 see Table 4.2) and accounted for 18% of the variance of osteon angle 
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Table 4.2: Summary statistics for univariate analysis.  β represents the regression coefficient for 
each parameter.  ƞ2partial is the proportion of total variance accounted for by each variable 
 
Variable r
2 Parameter 
 
β Sig η 2partial 
Osteon Circularity  . 613 Intercept .993 .000 .580 
  Age .001 .000 .510 
  
Orientation (phi) -.003 .139 .089 
Aspect Ratio  .523 Intercept 1.003 .001 .381 
  Age .001 .000 .405 
  
Osteon 
Orientation (phi) 
-.005 .159 .081 
Osteon Angle (theta)  .310 Intercept 161.049 .013 .231 
  Age .101 .200 .068 
  
Osteon 
Orientation (phi) 
-1.709 .029 .183 
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Figure 4.12: Example of osteon angle (theta) from a younger female (left, 20 yrs) and an older female (right, 78 yrs).  Note: the 
outlines from the individual on the left are more circumferential in their orientation (major axis aligned along x-axis) than the outlines 
from the individual on the right, which are more radial in their orientations (major axis aligned along the y-axis).  Histograms (top 
right corner) show the distributions of osteon angle (theta) for each individual.  Periosteal surface is up.  
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Figure 4.13: Histogram showing the distribution (raw data) of osteon angle (theta) by age group.  
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4.4 Discussion and Conclusion 
 I used two measures of circularity (osteon circularity and aspect ratio) to assess the 
relation of 2D osteon geometry to 3D osteon orientation (phi) and age.  Both variables quantify 
the circularity of an object; however, they are different measurements.  Osteon circularity is a 
direct measurement from the outline of the cement line and is therefore affected by the scalloped 
edges of the cement line.  Aspect ratio is an indirect measurement from the ellipse of best-fit, 
which is estimated from the area of the outlined cementt line (Figure 4.3).  To ensure that the 
ellipse of best-fit both was both an accurate and precise measurement, I evaluated the relation 
between osteon area and the estimated area from of the ellipse of best-fit (calculated from the 
major and minor axes) and found a perfect correlation (p < 001; r
2
 1.00).  Despite the differences 
between osteon circularity and aspect ratio, these measurements are very similar and prove to be 
closely related (p < 001; r
2
 .758).  Furthermore, the results presented here demonstrate that both 
measurements of circularity are similarly related to osteon orientation (phi) (Figure 4.9) and to 
age (Figure 4.10). 
 Osteons have generally been described as being roughly cylindrical.  If this holds true, 
their orientation (phi) in 3D should influence their geometrical parameters visualized in 2D.  The 
differences observed in the osteon geometry across the lifespan would therefore reflect 
differences in the orientation (phi) of osteons.  However, my results demonstrate that using the 
orientation (phi) of an osteon to predict its geometry is not feasible.  For example, the expected 
difference in aspect ratio from 84° to 74° was only -0.0332 (Figure 4.7).  Yet, the actual 
difference observed from 84° to 74° in aspect ratio was 0.156.  More importantly, the detected 
difference was opposite to what was predicted; as osteon orientation (phi) became obliquely 
orientated, their aspect ratio increased (not decreased), establishing that osteons do not have 
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circular cross-sections but rather elliptical cross-sections.   
 The results revealed that while both osteon circularity and aspect ratio were inversely 
related to osteon orientation (phi), their relation can likely be explained through the more 
dominant relation of both osteon circularity and aspect ratio to age (Table 4.3).  Age was 
positively correlated to both osteon circularity and aspect ratio, signifying that osteons appear to 
become increasingly circular with age.  Contrary to my predictions, age, not osteon orientation 
(phi), appears to be involved in determining the geometry of osteons.   
 Interestingly, the direction of the difference observed in osteon orientation (phi) was 
unexpected.  As age increased osteons became obliquely orientated, not longitudinally orientated 
as was expected.  I suggest that this can potentially be explained through the increasing 
complexity of the microstructure with advancing age.  As remodelling progresses, older osteons 
are subsequently overlapped with newer osteons (Cooper et al. 2007a; Cooper et al. 2003; 
Currey 1964; Kerley 1965; Robling, Castillo and Turner 2006; Robling and Stout 2000).  
Subsequently, the coalescence between the individual canals increases, resulting in a progressive 
increase in the branching and interconnectivity within the canal networks (Chen et al. 2010; 
Cooper et al. 2007a; Cooper et al. 2003).  I suggest that this increased interconnectivity and 
branching could play a role in the oblique orientations associated with age; as the complexity of 
the osteonal canal network increases the inclination of the canals required to maintain the 
interconnections and branching of the network may increase thereby resulting in the obliquely 
orientated osteons. 
  It has been well established that age-related bone loss along the endosteal surface, 
associated with an imbalance in remodelling, is accelerated during menopause.  Along with 
accelerated remodelling, the porosity and coalescence of the canals is also said to increase along 
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this surface (Bousson et al. 2001; Feik, Thomas and Clement 1997) through a process described 
as trabecularization of the cortex, where cortical bone is gradually transformed into trabecular 
bone (Cooper et al. 2007a).  While, the primary focus of this study was on the periosteal region, 
several of the specimens’ cortices were remarkably thin, and consequently the entire cortex was 
within the 3mm ROI being studied.  If the trabecularization of the cortex results in increased 
interconnectivity and the increased interconnectivity affects osteon orientation (phi), it becomes 
a potential variable to explain the obliqueness in osteon orientation (phi) with advancing age, 
especially in post-menopausal females where trabecularization of the cortex is most prevalent.  
This is important to consider given that the current sample is comprised of all females with half 
of the specimens over the age of 50 and likely post-menopausal.  Future studies are therefore 
needed in order to evaluate the relation between the branching networks and osteon orientation 
along with what role menopause might play in this process.   
 The direction of strain has been proposed as guiding the direction of the orientation of an 
osteon (Hert, Fiala and Petrtyl 1994; Petrtýl, Heřt and Fiala 1996).  In general, as individuals 
age, they become less active and their muscle mass begins to decline, resulting in less loading, 
and likely less strain, being placed on their bones (Frost 1997).  It has been hypothesized that as 
loading decreases (but is not fully removed) osteons become longitudinally orientated and 
therefore, if truly cylindrical, osteons would consequently become increasingly circular (Figure 
4.8).     
 The observed osteon orientations (phi) correspond with the previous findings from Heřt 
et al. (1994) who observed osteons to range from 0°  to 15° (0° being longitudinal and 15° being 
equivalent to 85° within the present study).  Thus, my results also support their conclusion that 
osteons are aligned along the dominant loading trajectories.  However, my results also suggest 
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that osteons become obliquely orientated with advancing age, which implies that in order for 
strain to mediate bone adaptation and guide osteon orientation, the adaptive response to strain 
must be correlated with age.  Lanyon (1984) has suggested mechanically related remodelling is 
initiated so that the architecture within bone can maintain suitable levels of strain.  Frost (1987) 
has similarly proposed the mechanostat theory.  This theory states that modelling operates to 
maintain the bone’s strength and mass, whereas remodelling operates to maintain optimum levels 
of strain.  Since, growth is dominant in younger individuals, modelling will also be dominant in 
order to maintain the bone’s strength.  Once growth ceases, remodelling becomes necessary to 
maintain the bone’s ability to respond to the daily loads (Frost 1987; Lanyon 1984).  I 
hypothesize that the density of bones during growth and modelling makes them less apt to 
respond to strain, resulting in longitudinally orientated osteons.  Conversely, it follows that when 
remodelling is dominant and bones begin to lose density they would also become better 
optimized to respond to strain; thereby resulting in the increased interconnectivity and 
complexity within the canal network and ultimately obliquely orientated osteon.   
 It is clear from the results I have presented here that osteons are elliptical rather than 
cylindrical structures and that the differences seen in the geometric parameters of osteons across 
a lifespan are independent of osteon orientation.  Nevertheless, the results did show that osteon 
orientation is inversely related to osteon circularity and aspect ratio (Figure 4.9).  Thus as 
individuals age, osteons become increasingly oblique as well as increasingly circular.  One 
possible explanation for this is the rotation of osteons along a second axis.  My findings suggest 
that while osteons are being rotated along the z-axis (phi) they are also being rotated along the x-
axis (theta), which I hypothosize is a result of the increased complexity (interconnectivity and 
branching) with age.  Thus, the angle (theta) of osteons potentially becomes an integral part of 
   
73 
 
explaining the 2D shape of osteons.  As the orientation of osteons in 3D moves away from the 
longitudinal axis, the osteon angle in 2D becomes increasingly radial.  As an osteon is rotated 
along the x-axis, the major axis begins to align along the y-axis (moving towards 90°) and the 
minor axis, the x-axis (moving towards 0°).   
 My results indicate that osteons truly become more circular with age; however, the results 
also suggest that the appearance of increased circularity could potentially be inflated as a result 
of the projection of the elliptical cross-section onto the imaging/sectioning plane (Figure 4.14).  
For example, the individual with the most longitudinal osteon orientation (phi) - 83.95°, also had 
the most circumferential osteon angle (theta) - 15.44° and low circularity and aspect ratio values 
of 0.75 and 0.64, respectively.  Conversely, the individual with the lowest osteon orientation 
(phi) - 74.06°, also had one of the most radial osteon angles (theta) - 40.92°, and high circularity 
and aspect ratio values of 0.83 and 0.77, respectively.  Accordingly, my results suggest that as 
the 3D orientation (phi) of osteons became progressively oblique their projection along the 2D 
plane is also rotated, amplifying the appearance of circularity with age (Figure 4.14), lending 
further support to the findings that osteons are elliptical and not cylindrical.   
 A limitation of osteon angle (theta), however, must be addressed here: if an object is 
perfectly circular, theta is no longer a meaningful measurement.  When the major and minor axes 
become equal, no true point of reference to measure the angle exists.  The results presented here 
suggest that osteons are truly becoming more circular with age, independent of osteon orientation 
(phi) and osteon angle (theta).  Therefore, these results must be interpreted with caution since 
osteon angle (theta) becomes a less reliable measurement as circularity increases.  Future work is 
needed to evaluate the potential effects that theta has on osteon geometry.   
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Figure 4.14: Schematic demonstrating how differences in the orientation of osteons (phi) and 
osteon angle (theta) can give the appearance of circularity.  To match the results, cylinder 3 is 
rotated along 74° along the z-axis (green) and 41° about the x-axis (red).  Cylinder 2 is rotated 
84° along the z-axis (green) and 15° about the x-axis (red).  Cylinder 1 is not rotated along any 
axis.  The cross-sections are shown in the 2D plane with the y-axis (blue) and x-axis (red).
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 In summary, the orientation (phi) of osteons in 3D cannot be used to determine the 
geometry of osteons in 2D.  Thus, orientation does not explain the age-related differences 
observed within the microstructure of cortical bone.  The results establish that osteons are not 
cylindrical structures but rather elongated and/or irregularly shaped structures.  This is especially 
prevalent in younger individuals.  I propose that while the observed increase in circularity of 
osteons with age is a true phenomenon, the differences in the circularity of osteon can also be 
attributed to the rotation of osteons along both the z-axis and x-axis.  As an osteon is rotated 
along the z and x-axes, the appearance of circularity is magnified as a result from the projection 
of the elliptical cross-section onto the imaging/sectioning plane.  This was the first study to 
investigate the relation between osteon geometry in 2D and the osteon orientation (phi) in 3D.  I 
have illustrated that the combination of these techniques is extremely valuable when 
investigating the age-related differences in bone.  It is clear from the results presented here that 
the relation between these variables is much more complex than currently recognized.  
Therefore, further research is need, using a larger standardized sample, to investigate the effects 
of age, osteon orientation (phi), and osteon angle (theta) on the geometry of osteons. 
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CHAPTER FIVE  
SUMMARY 
 
5.1 Introduction 
5.1.1 Overview of Thesis          
  
 It has been the objective of this thesis to integrate 2D histology and high-resolution 
micro-CT to investigate the microstructure of cortical bone in an attempt to produce an age 
estimation formula and quantitatively evaluate the relation of osteon geometry to osteon 
orientation.  With recent innovations that allow cortical bone to be captured in 3D using micro-
CT, our understanding of the remodelling process have been greatly improved.  To my 
knowledge, this was the first study to incorporate both 2D and 3D technologies to assess the 
relation between these measures.  Analysis of the 2D and 3D data did not lead to the 
development of an age estimation formula.  Nevertheless, the incorporation of these techniques 
can provide a more extensive and revelatory view of the microstructure of cortical bone, thereby 
providing a greater understanding of the relation between adaptation and age.  Using a 
multidisciplinary approach, the concepts presented in this thesis have the potential to influence 
several different fields of research such as physical anthropology and various fields of medicine.   
5.2 Chapter Three            
  
 In this study, simulated histomorphometric ages were generated to reflect the assumed 
population’s SEE in years.  The results from the simulation revealed that SEE values will 
converge around 10 years once sample sizes reach ~150 specimens.  While, histomorphometric 
aging techniques can be valuable to both forensic anthropology and archaeology, few studies use 
the recommended 150 specimens (Hennig and Cooper 2011).  A considerable portion of the 
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variance in the reported precisions of histomorphometric aging methods can potentially be 
attributed to the use of small sample sizes.  The results presented in Chapter 3 clearly 
demonstrate the effect small sample sizes can have on the reported SEE values for histological 
aging methods.  Having histomorphometric aging techniques with small SEE values is of course 
ideal and beneficial; however, it is only beneficial and meaningful if the technique can be 
reliably applied to populations other than those for which it was developed.  Thus, given the 
effect small sample sizes have on the reported SEE and the sample size that was used in this 
study, it was concluded that developing an age estimation formula using 2D and 3D techniques 
was no longer a feasible goal for this thesis.     
5.3 Chapter Four 
  
 Computer generated 3D renderings of Tappen’s (1977) serial sections revealed that 
cortical bone was composed of an elaborate interconnected microstructural system (Stout et al. 
1999).  While, the network of the interconnected branches, known as the Haversian systems, 
cannot be fully realized through 2D techniques, the canals can be visualized and quantified in 3D 
using micro-CT.  Chapter 4 quantitatively evaluated the relation of 2D geometric parameters to 
3D osteon orientation (phi) and age.  Two questions were examined:  
 (1) does the orientation of osteons in 3D determine osteon geometric parameters 
 visualized in 2D?   
 (2) can the differences in 3D osteon orientation explain the age-related differences 
 observed in 2D osteon geometry? 
  In summary, I found that the 3D orientation (phi) of osteons does not account for the 
differences visualized in the 2D geometric parameters (osteon circularity and aspect ratio) of 
osteons.  While an inverse relation was found between osteon orientation (phi) to both osteon 
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circularity and aspect ratio, these relations can likely be explained through the more dominant 
relation of circularity to age.  I found that osteons became more circular as well as more 
obliquely orientated with age.  Interestingly, while investigating a new geometric parameter, 
osteon angle (theta), I also found that osteons are rotated along the x-axis (theta) as well as the z-
axis (phi).  Therefore, as osteons increase in circularity with advancing age, the appearance of 
circularity is augmented by their projection along the sectioning plane as a result of their rotation 
along both the z-axis and the x-axis.  My results from this study clearly establish that the shape 
of an osteon is not truly cylindrical but rather elliptical.   
 5.4 Future Directions 
 One of the goals of osteological research is to describe the age-related differences within 
the microstructure of cortical bone and identify processes that lead to unhealthy bones.  I sought 
to explain the age-related differences seen in the microstructure of cortical bone through a 
combination of high-resolution micro-computed tomography and histology.  Despite the fact that 
2D techniques can provide quantitative information on the specific histological details, they 
cannot capture all the complexities of the microstructural network within cortical bone that 3D 
imaging can.  Moreover, histological methods are ultimately destructive to bone, whereas 3D 
techniques though minimally invasive are less destructive than 2D histological techniques.  In 
addition, 3D techniques, such as micro-CT and synchrotron radiation (SR) micro-CT, allow us to 
view the microstructure of bone from a completely new perspective, providing insights into age-
related differences, such as the increasing complexity of the microstructure with advancing age 
(Cooper et al. 2007a; Cooper et al. 2003).  More recently, studies using desktop micro-CT 
(Arhatari, et al. 2011) and SR micro-CT (Arhatari et al. 2011; Cooper et al. 2011) were able to 
identify borders of individual secondary osteons.  Nevertheless, at lower resolutions 3D 
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techniques cannot consistently view the specific details of the geometric parameters of osteons 
that can be viewed using 2D techniques such as histology.  Therefore, the combination of 2D and 
3D techniques is ultimately the best way to gain a full understanding of the aging processes in 
bone.  As technology improves, further gains can be expected in the study of bone 
microstructure. 
 The results presented in Chapter 4 demonstrate the usefulness of combining 2D and 3D 
techniques to evaluate age-related differences in the microstructure of cortical bone; however, 
given the limited sample size, the results should be taken as preliminary and investigated further.  
Studies using larger standardized sample sizes are required to elaborate on the results I have 
presented in this thesis.  Given that larger sample sizes should better depict the relation between 
variables, the use of larger samples sizes (~150) is an important consideration in developing age-
estimation formulae.  More importantly, these equations must be tested on alternate samples 
before its validity and precision can be definitively determined. 
 My results clearly demonstrate that a strong correlation exists between age and circularity 
and support the previous findings of Brtiz et al. (2009) and Currey (1964).  While many other 
age-related differences, such as osteon population density (OPD) are used to develop 
histomorphometric aging formulae, to my knowledge the relation between the circularity of 
osteons and age has not been used to develop a histomorphometric formula.  Given the strength 
of this relation, I suggest that it should be considered when developing age estimation formulae. 
 While investigating osteon angle (theta), I noted that osteons are rotated along the x-axis 
becoming increasingly radial as osteon orientation (phi) is being rotated along the z-axis, moving 
away from the longitudinal plane.  Given that my results demonstrate that osteons are not 
cylindrical, having an understanding of the relation of theta to these variables becomes 
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increasingly important.  Looking at other measures of 3D orientations, such as theta in 3D, may 
also prove to be extremely valuable.  However, as noted in Chapter 4, the difference observed in 
osteon angle (theta) may be confounded by the true increase in the circularity of osteons, making 
osteon angle (theta) a less reliable measure as circularity increases.  Therefore, further 
investigations into how theta, in both 2D and 3D, relates to other geometric parameters of 
cortical bone are needed.    
 It is necessary to use 3D investigations in conjunction with 2D in order to further our 
understanding of how strain affects osteon geometry and osteon orientation (phi).  Many studies 
have evaluated the effect strain has on the microstructure of cortical bone; nonetheless, the effect 
strain has on osteon geometry and orientation is not well understood.  While it is difficult to 
directly measure strain levels in humans, animal models can be used.  For example, in a series of 
studies using artiodactyls calcanei, Skedros et al. investigated the impact of strain on osteon size; 
(Skedros, Mason and Bloebaum 1994; Skedros, Mason and Bloebaum 2001; Skedros, Su and 
Bloebaum 1997).  Additionally, while investigating regional variation in relation to strain, 
Skedros et al. found differences in osteon geometric parameters between areas experiencing 
different types of strain, such as compression versus tension (Skedros et al. 1994; Skedros, 
Mason and Bloebaum 1994; Skedros, Sorenson and Jenson 2007; Skedros, Su and Bloebaum 
1997).  Two of these studies noted that some areas that receive tensile forces were so habitually 
loaded that they were essentially in a state of chronic disuse (Skedros et al. 1994; Skedros, 
Mason and Bloebaum 1994).  While variations in the 2D geometric parameters of osteons 
experiencing different types of strain have been discussed, the relation between 3D orientation 
(phi) and strain has not been evaluated.  Repeating these studies using micro-CT would allow for 
the direct measurement of the various modes of strain (tension versus compression) on osteon 
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orientation (phi) and osteon geometry.   
 Regions experiencing different types of strain also need to be evaluated using 3D 
techniques.  While the majority of studies focus on the anterior femur for both 2D (Britz et al. 
2009; Hennig and Cooper 2011; Robling and Stout 2000) and 3D techniques (Cooper et al. 2006; 
Cooper et al. 2007a; Cooper et al. 2007b), investigations using other regions of the femur as well 
as other bones are necessary.  Given that the results presented in this chapter suggest that the 
impact of strain is negligible until bones are fully optimized to endure strain, studies comparing 
the orientation (phi) of osteons in loaded bones to unloaded need to be completed so we can fully 
understand responsive changes to mechanical forces.   
 It is clear that there are many different factors affecting bone remodelling.  
Understanding how all these variables interact has proven difficult.  Furthermore, my results 
indicate that the processes influencing bone remodelling and adaptation are much more complex 
than current theories explain.  For example, the results presented in Chapter 4 suggest that 
younger individuals have longitudinally orientated osteons rather than obliquely orientated 
osteons.  Studies investigating osteon orientation (phi) need to focus on the integration of 
methods using samples with well-documented medical histories in order to get a fully 
comprehensive understanding of age-related differences within the microstructure.  One 
necessity in this area of research is the access and availability of proper modern-day collections.  
Therefore, more collections, such as the MFC, need to be created.   
5.5 Conclusions 
 The results I have presented in this thesis provide new insights into utilizing larger more 
appropriate sample sizes when developing histomorphometric aging formulae.  The majority of 
formulae have been developed on sample sizes that are too small and therefore do not truly 
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represent the populations variance.  Thus, the development of standard measurement techniques 
on standardized samples sizes of at least 150 are necessary in order to truly characterize the 
populations variance and develop formulae that can precisely predict age at death within ±10 
years.   
 The results from the analysis of data did not support my initial hypotheses:  
 (1) The orientation of osteons in 3D determines osteon geometric parameters visualized 
 in 2D.   
 (2) The differences in 3D osteon orientation explain the age-related differences observed 
 in 2D osteon geometry.   
Nevertheless, I was able to quantitatively demonstrate that while osteons are more elliptical in 
their cross-sections than cylindrical, they do become more circular with advancing age 
independent of osteon orientation (phi).  The results presented here have established the 
importance of employing both histology (2D) and high-resolution micro-CT (3D) in our 
endeavours to fully understand and explain bone adaptation and the remodelling processes at the 
microstructural level.   
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APPENDIX II 
 
II.I Steps for Histology 
 
1) Cut histology sections to approximately 150 µm and hand grind down to approximately 100 
µm and place sections in ultrasonicator for approximately 5 to 10 minutes 
 
2) Mount specimen onto slide using a mounting medium and let set for at least 48 hours.  Once 
mounting medium has set, the specimens can be imaged under the microscope.  Tiled or 
stitched images can be created using an automated stage 
 
a) Choose an appropriate magnification and adjust microscope settings such as lighting and 
white balance and focus specimen accordingly and capture images  
 
3) Once a tiled/stitched image is created of the histological section, import both histology 
image and 3D scan data into ImageJ.  Find the difference in size between the CT slice and 
histology section and create matching a 3mm regions of interest (ROI) 
       Figure II.1: Figure showing matching histology section and micro-CT slice 
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4) Create an new ROI set in ImageJ and trace osteons 
 
Figure II.2: Figure of ROI manager with histology section and outlined 
osteons in ImageJ.   
 
5) Import image of histology section into Amira  
 
II.II Steps for Micro-CT 
 
1) Develop a scan and reconstruction protocol that works for your desired purpose (NOTE: 
steps and achievable resolutions will vary depending on the desktop micro-CT system you 
are using) 
 
2) Import scan data and histology image into ImageJ and find the best matching scan slice to the 
histology section 
 
3) Import scans into CT Analyser and crop the regions of interest.   
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4) Import scan data into Amira (choose appropriate x, y, and z dimensions based on the size 
difference of CT slices and histology sections) and choose an appropriate threshold to create  
the isosurface  
      Figure II.3: isosurface of volume render in Amira  
5)  Create and edit the skeletonizations of the isosurface   
 
       Figure II.4: Skeletonization from an isosurface in Amira  
 
6) Rotate 3D render so that it aligns with the histology slice.  (NOTE: You will need to do this 
for the skeletonizations and  linesets as well).   
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Figure II.5: Histology section superimposed into the isosurface of a volume 
renders  
7) Create lineset from the skeletonizations (NOTE: you must do this after you edit the 
skeletonizations) 
 
8) In ImageJ select install and run Text Skeleton V.10.1 macro 
 
9) Import  back into Amira  and match the individual lines with the individual outlines of the 
ROI from ImageJ 
 
Figure II.6: Figure of lineset and outlined osteons.  Use the individuals outlines created in 
ImageJ and match them to the appropriate line in Amira. 
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APPENDIX III 
 
III.I Circularity 
Underlying assumption: osteons are cylindrical structures 
Let Area = Area of Ellipse  
Let Perimeter = Perimeter of Ellipse 
Circularity is calculated using the following equation: 
               
    
            
  
             Equation 4.1 
 
Area is calculated by the equation: 
         
 
 
            
 
 
            
But since 
           
          
    
 
 
where the Minor Axis is an observable and measurable distance and sin ɸ is an observable and 
measureable angle, 
Area can be written as:  
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Which can be simplified to: 
        
 
              
 
    
  
Therefore, circularity can be expressed and simplified as follows:  
               
    
            
  
Equation 4.1 
              
 
 
 
 
  
 
   
              
     
            
 
 
 
 
 
 
                
 
   
             
    
   
 
            
  
              
 
 
      
              
    
  
 
            
  
                
             
                 
  
Thus, the final equation for circularity can be written as:  
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Equation 4.3 
III.II Aspect Ratio 
Underlying assumption: osteons are cylindrical structures. 
The Aspect Ratio is calculated using the equation: 
             
          
          
  
Equation 4.2 
But since 
           
          
    
 
AR can be expressed and simplified as follows:  
              
          
 
          
     
 
                         
    
          
  
Therefore, the final equation for AR can be presented as: 
                   
  Equation 4.4 
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APPENDIX IV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure IV.1: VIFM_022 (22 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.2: VIFM_035 (24 yrs). Note this specimen has all primary canals and was therefore not 
included in the analysis 
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Figure IV.3: VIFM_053 (57 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.4: VIFM_056 (65 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.5: VIFM_063(64 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.6: VIFM_081 (30 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.7: VIFM_094 (86yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.8: VIFM_109 (52yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.9: VIFM_113 (66 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.10: VIFM_117 (23 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.11: VIFM_126 (21 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.12: VIFM_127 (55 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.13: VIFM_128 (33 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.14: VIFM_134 (28 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.15: VIFM_140 (84yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.16: VIFM_156 (41 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.17: VIFM_172 (26yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.18: VIFM_189 (20 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.19: VIFM376 (67 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.20: VIFM_399 (70 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.22: VIFM_411 (78 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV. 21: VIFM_406 (20 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.24: VIFM_412 (41 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.23: VIFM_412 (41 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.26: VIFM_436 (74 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.25: VIFM_432 (49 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
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Figure IV.27: VIFM_439 (61 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
Figure IV.28: VIFM_496 (76 yrs) - above.  The osteons that were included (black) and excluded 
(grey) from the analysis.  Those osteons outlined in black were included in the analysis and had 
matching 3D data.  These osteons had a single matching line passing through the outlined region.  
Those outlines in grey did not have matching 3D data or had multiple lines passing through and 
were therefore excluded from analysis 
